We designed an improved method to observe proliferating cells with well-preserved ultrastructure. After IP injection of bromodeoxyuridine (BrdU) into rats, the pituitaries were f t e d in 4% paraformaldehyde with 0.05% or 0.2% glutaraldehyde and post-fued with ferrocyanide-reduced osmium. They were embedded in LR White and polymerized by heat. BrdU incorporated into DNA was detected with a commercial anti-BrdU monoclonal antibody (MAb) by the immunogold or the immunogold-silver staining method. Using these methods, proliferathg cells labeled by BrdU vme observed with well-preserved ultrastructure. By light microscopy, the number of labeled ceb was almost the same regardless of the fuative used. By electron microscopy, localiza-
Introduction
To study cell proliferation in rat anterior pituitary, autoradiography of [3H]-thymidine has been commonly employed for both light (1, 2) and electron microscopy level (3, 4) . However, autoradiography is cumbersome because it requires complicated operations and a long period of exposure, especially for electron microscopy. Moreover, random, distribution of reaction products around the isotope is a problem when fine localization of the marker substance is necessary. In 1982, Gratzner ( 5 ) introduced a new approach, immunohistochemical detection of bromodeoxyuridine (BrdU) incorporated into nuclear DNA by a monoclonal antibody (MAb) against BrdU. With this technique, DNA-replicating cells were easily identified at the light microscopic level by immunofluorescence (6) and immunoperoxidase (7-10) methods. The percentage of labeled cells obtained by this technique showed good correlation with that obtained by [3H]-thymidine autoradiography (11) (12) (13) (14) . At the electron microscopic level, several studies in vivo (15) and in vitro (16) (17) (18) (19) (20) have been reported. In these studies, incorporated BrdU was clearly detected but preservation of ultrastructure was insufficient to observe proliferating cells in detail. To study the ultrastructure of Correspondence to: Rieko Tamatani, Dept. of Anatomy, Kanazawa Medical U,, Uchinada, Ishikawa 920-02, Japan. tion of gold particles that indicate incorporated BrdU varied according to the cells and was mainly observed in two patterns, one in which gold particles were localized in condensed chromatin scattered in the nudeus and the other in which gold particles were dispersed evenly all over the nucleus. These results showed that with our improved method fine ultrastructure and good immunoreactivity of BrdU can be obtained in proliferating cells. We consider that this method is very useful for u l t r a s r m d study of cell prolifer- proliferating cells in rat anterior pituitary, we designed an improved method by which both excellent preservation of ultrastructure and good immunoreactivity to antibody can be obtained.
Materials and Methods
Animals and Tissue Processing. Four adult male Wistar rats (8 weeks old, 240-260 g BW) were used. They received an IP injection of 100 mglkg BW BrdU (Sigma; St Louis, MO) dissolved in 10 mg/ml saline. After 3 hr the animals were sacrificed by decapitation under pentobarbital anesthesia and pituitary glands were removed and cut into small pieces. They were fixed in 4% paraformaldehyde (PFA) with 0.05 or 0.2% glutaraldehyde (GA) in 0.1 M phosphate buffer (PB), pH 7.4, at 4% for 1 hr. After washing with 0.1 M PB at 4°C for 2 hr they were post-fixed in 1% ferrocyanidereduced osmium (2% os04 mixed with 3% potassium ferrocyanide) (21) at 4°C for 1 hr. A number of the specimens were not subjected to postfmtion so that the effect of ferrocyanide-reduced osmium could be examined. Then specimens were dehydrated with ethanol and immersed in LR White (London Resin; Woking, Surrey, UK) at 37'C. making two changes of 1 hr each, and then embedded in gelatin capsules to avoid contact of the resin with oxygen. The resin was polymerized at 55°C for 24 hr.
Light Miaoscopic Immunocytochemisuy. One-pm sections were placed on gelatin-coated glass slides and dried at 45'C. Some sections were treated by one of the two following methods to enhance binding of the primary antibody: (a) 10% H202 for 10 min or (b) 2 N HCI for 5 min. They were washed well with distilled water (DW). The sections were stained by the . -* . BSAlPBS for 40-50 min at RT and washed as above. Then they were im-mened in 0.2 M citrate buffer for 2-3 min and incubated in the dark with the developer for 7-8 min at 2O'C, washed thoroughly with DW, and fixed with photographic fixer diluted 1:5 in DW for 5 min. The developer we used was essentially the same as Fujimori's (22) except that we used DW instead ofgum arabic aqueous solution. The formula ofFujimori's developer is as follows: Solution A includes 20% gum arabic aqueous solution 45 ml, 10% silver nitrate aqueous solution 1 ml. Solution B indudes distilled water 15 ml, bromohydroquinone 200 mg, citric acid 300 mg. The dmloper was prepared by mixing Solutions A and B in a dark room. After dmlopment the sections were dried and mounted with Entellan Neu (Me& Darmstadt, Germany).
Electron Microscopic
Immunocytochemistry. Ultra-thin secuons were cut, and collected on formvar-coated nickel grids. Immunostaining was carried out largely in the same manner as the light microscopic staining, including the treatment with H202 or HCI before the step of BSAIPBS. The primary antibody was diluted 1:3, a greater dilution than the standard dilution recommended by the manufacturer, and the secondary antibody was diluted 120 with BSA/PBS. After incubation with secondary antibody and the wash with PBS, the gold particles were stabilized by fmtion with 2% GA for 10 min. After washing they were stained with uranyl acetate and Reynolds' lead solution and observed under theJEM 12OOExII electron microscope operated at 100 kV.
consols. Specificity of the primary antibody was determined by replacing it with BSAlPBS or normal mouse serum. Specimens from rats that did not receive BrdU were processed as above and served as negative controls.
Results

Observation by Light Microscopy
By light microscopic observation using IGSS, labeled cells were found scattered all over the anterior pituitary gland (Figures 1 and  2A) . Effects of post-fixation and the amount of GA in the fixative were m i n e d . With post-fixation with reduced osmium, the number of cells labeled with silver grains ( Figure 1A ) appeared no different from that of the material without post-fixation ( Figure 1B ). In addition, the number of positive cells was almost the same regardless of whether the materials were fixed with 4% PFA + 0.05% GA ( Figure 1A ) or 4% PFA + 0.2% GA (Figure 2A ). These observations were confirmed by a quantitative study as follows. We counted the number of positive cells in two sections cut at an inter- There was no significant difference among the three, as checked by one-way analysis of variance. Distribution of silver grains that indicated the presence of incorporated BrdU was confined to the nucleus. Three distinguished patterns were observed: silver grains were localized in the periphery of the nucleus (Figure 2B, arrow) , scattered within the nucleus (Figure 2B, arrowhead) , or diffusely distributed throughout the nucleus (Figure 2B, asterisk) . In sections treated by etching with 10% HzO2 for 10 min, the staining intensity was increased together with nonspecific background staining. However, the labeling patterns were no different from those of sections without this treatment (Figure 3 ). In addition, similar results were obtained in sections treated with 2 N HCI (data not shown). No staining was observed when the primary antibody was replaced with BSA/PBS or normal mouse serum (data not shown).
Observation by Eiectron Microscopy
The effects of GA and post-fixation were examined in ultra-thin sections stained by the IgG-gold method. Materials fixed with 4% PFA + 0.05% GA showed good immunoreactivity, but the ultrastructure was insufficiently preserved, with the cell membrane appearing indistinct (Figures 4A and 4B) . Therefore, we employed post-fixation with reduced osmium and obtained good preservation of the ultrastructure, including a remarkably improved contrast of membranes. The number of gold particles on nuclei was slightly decreased but was still sufficient for electron microscopic observation ( Figure 5 ). Second, by increasing the concentration of added GA to 0.2%, better preservation of the ultrastructure was obtained without a significant difference in the number of gold particles ( Figure 6 ). Therefore, fixation was performed with 4% PFA + 0.2% GA followed by 1% reduced osmium.
Effects of pre-treatment were examined in ultra-thin sections treated by etching with 10% Hz02 for 10 min. The ultrastructure was not greatly affected. The number of gold particles increased conspicuously compared to sections without pre-treatment. However, nonspecific staining also appeared on the nuclei of almost all cells in addition to the truly positive ones ( Figure 7B ). Similar results were obtained in sections treated with 2 N HC1 for 5 min (data not shown).
As observed by light microscopy, gold particles were localized within the nucleus, and almost no gold particles were found in cytoplasm or resin ( Figures 4B, 5,6 , and 7A). Ultrastructural localization of gold particles was mainly observed in two pattems. In one pattern the gold particles were localized in condensed chromatin associated with the nuclear envelope ( Figure 5 ) and within the nucleus (Figures 7A and 7B ). In the other pattern the gold particles were dispersed evenly all over the nucleus ( Figure 6 ). Sometimes mitotic cells in which the chromosomes were labeled with gold particles were observed (Figure 8 ).
Comparison of Detection with Light ana' Electron Microscopic Immunocytochemistry
In this study we used the immunogold method for electron microscopic immunocytochemistry and the immunogold-silver staining method for light microscopic immunocytochemistry, because the reaction product of the immunogold method was not visualized by light microscopy and silver enhancement with developer was needed after immunogold staining. Therefore, we examined whether there is difference in detecting positive cells between these two methods by applying the superimposition technique of Kawarai (23). Two or three ultra-thin sections were cut for electron microscopic immunocytochemistry using a block fixed with 4% PFA + 0.2% GA followed by reduced osmium, and contiguous sections about 1 pm thick were cut for light microscopic immunocytochemistry. Adjacent thin and thick sections thus obtained were immunostained by the methods described above. Figure 9 shows light microscopic and electron microscopic observations in contiguous sections. By light microscopy, BrdU-positive cells contained black reaction product within their nuclei ( Figure 9A ). In adjacent ultrathin sections ( Figure 9B and 9C) , gold particles indicating incorporated BrdU were observed on the nucleus of the same cell as shown in Figure 9A . These observations indicate that there is no difference in detecting positive cells with these two methods.
Discussion
It has recently become possible to detect DNA-incorporated BrdU by electron microscopy with an MAb against BrdU. By means of the IgG-gold method, ultrastructural localization of BrdU has been studied in vitro (16) (17) (18) (19) (20) . The results were compared with those ob-tained by electron microscopic autoradiography using [ 3H]thymidine, and it was shown that the percentages of positive cells are similar in both methods (18) . In addition, the proliferating cell nuclear antigen (PCNA), a protein synthesized maximally in cells at GI-to S-phase (24,25), has been localized in the nuclei of these cells. It is reported that PCNA coexists with DNA-incorporated BrdU in the nucleus (20) . In these studies, BrdU was clearly detected in cultured cells that had been embedded in acrylic resins at low temperature. However, preservation of ultrastructure was not sufficient to observe proliferating cells in detail. To study the precise morphology of proliferating cells in rat anterior pituitary, we designed an improved method by which excellent preservation of Regarding the effects of the fixative, formaldehyde or glutaraldehyde (15.20) or a mixture of these (17) has been examined. These reports showed that the fixative has little effect on the reactivity of tissues to anti-BrdU. Similarly, we obtained good immunoreactivity to BrdU in materials fixed in 4% PFA mixed with 0.05 or 0.2% GA, but cellular detail was insufficient to observe ultrastructural morphology. Therefore, we post-fixed the materials with reduced osmium because it has been shown that post-fixation with a mixture of Os04 and potassium ferrocyanide enhances the contrast of membranes (26,27). Ultrastructural detection of BrdU has not yet been reported in materials post-fixed with reduced osmium, although localization of secretory proteins was excellently demonstrated in rat pancreas by a similar technique (28). The use of reduced osmium had little effect on the number of gold particles, but ultrastructure was well preserved and cell membranes were clearly observed. As the concentration of glutaraldehyde was raised from 0.05 % to 0.2 %, good morphological preservation became more reproducible in materials post-fixed with reduced osmium. We consider that excellent preservation of cellular ultrastructure was obtained by addition of a small quantity of GA to PFA and postfixation with reduced osmium.
Regarding pre-treatment of sections, it has been reported that BrdU can be detected only by DNA denaturation with HCI before immunocytochemical staining (15, 20) . Other reports have stated that increased labeling intensity was obtained by that pre-treatment (16J7). On the other hand, Mazzotti et al. (18) reported that immunocytochemical detection of BrdU became possible by etching with H202 and without DNA denaturation by HCI. In accordance with these, our results showed that both etching with H202 and DNA denaturation with HCI greatly increased the labeling intensity, although these pre-treatments also gave rise to a certain degree of nonspecific reaction. On ultra-thin sections without pretreatment, labeling intensity was not so intense but very specific reaction could be obtained. It is speculated that antibody can easily have access to antigens on sections without pre-treatment because the resin we used is hydrophilic acrylic resin.
For the distribution of gold particles, two main patterns were noted. In one pattern the gold particles were localized in condensed chromatin scattered in the nucleus, and in the other the gold particles were dispersed all over the nucleus. These two patterns may imply different states of DNA replication within the S-phase of the cell cycle.
The immunoreactivity of BrdU was well preserved after thermal curing of the resin. This is convenient because it does not require special equipment for polymerization as is required for polymerization at low temperature. The fixatives and resin described above have been used previously by others, but we have combined these and designed a new method by which it became possible both to maintain immunoreactivity of DNA-incorporated BrdU and to preserve the ultrastructure of proliferating cells. We believe that the method described here is useful for the ultrastructural study of cell proliferation and differentiation. We are going to investigate the ultrastructure of proliferating cells in anterior pituitary gland to study what kind of cells differentiate into each type of hormone-secreting cell.
